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SUMMARY 

Results of experimental measurements of low-frequency combustion 
instability of a 300-pound-t2irust acid-heptane rocket engine were compared 
with the trends predicted by an analysis of combustion instability in a 
rocket engine with a pressurized-gas propellant pumping system. The sim- 
plified analysis, which assumes a monopropellant model, was based on the 
concept that a combustion time delay occurred from the moment of propel- 
lant injection to the moment of propellant combustion. This combustion 
time delay was experimentally measirred; the experimental values were 
approximately half the magnitude predicted by the analysis. The pressvire- 
fluctuation frequency for a rocket engine with a characteristic length of 
100 inches operated at a combustion-chamber pressure of 280 pounds per 
square inch absolute was 38 cycles per second; the analysis indicated a 
frequency of 37 cycles per second. Increasing combust ion- chamber char- 
acteristic length decreased the pressure-fluctuation frequency, in con- 
formity with the analysis. Increasing the chamber operating pressure or 
increasing the injector pressure drop increased the frequency. These 
latter two effects are contrary to the analysis; the discrepancies are 
attributed to the conflict between the assumptions made to simplify the 
analysis and the experimental conditions. Oxidant-fuel ratio had no 
apparent effect on the experimentally measured pressure -fluctuation fre- 
quency for acid-heptane ratios from 3.0 to 7.0. The frequencies decreased 
with increased amplitude of the combustion-chamber pressure variations. 

The analysis indicated that if the combustion time delay were sufficiently 
short, low-frequency combustion instability would be eliminated. 


INTRODUCTION 

Development of rocket engines for flight propulsion has disclosed 
combustion instabilities which often result in destruction of the rocket 
engine by stress failure or bvurnout of the combustion chamber. A cyclical 
low-frequency type of instability which exhibits chamber pressure and 
nozzle flow or thrust fluctuations in the frequency range from 10 to 200 
cycles per second is called chugging. This type of instability may reduce 
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specific impulse and is believed to be accompanied by changes in combus- 
tion efficiency. High-speed photographs of this type of instability are 
shown in reference 1. A higher -frequency mode of instability^ which 
manifests itself in greatly increased heat-transfer rates in the rocket 
combustion chamber and which generally results in chamber burnouts, is 
called screaming. Whether these combustion instabilities are distinctly 
separate or are related phenomena in different frequency ranges has not 
been definitely established, because the origin and nature of the 
instabilities are unknown. 

It has been post\ilated that chugging is a result of out-of -phase 
coupling between the combustion-chamber pressure and the fluid flow in 
the propellant feed system. Analyses of the chugging phenomenon in a 
rocket engine with a pressurized-gas propellant pumping system have been 
made on this basis. The significance of the ratio of feed-line pressure 
drop to the absolute chamber pressure in determining whether chugging can 
occur is discussed in reference 2. The stability range of operation of 
a rocket engine is further defined in reference 3. This ^alysis derived 
the following expression as a limit of stable rocket operation: 
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where 

(Ap)(,j, critical pressiire drop in propellant feed system at which 
chugging can occur 

p^ absolute rocket combustion- chamber pressure 

t,^ combiist ion- chamber time constant equal to twice characteristic 

length divided by characteristic exhaust velocity 

tQ period of oscillations, sec/radian 

The accelerations of fluid masses in the propellant feed lines during 
transients were neglected. 

Early analyses of chugging did not readily show the effects on the 
chugging characteristics of a rocket engine of varying the rocket design 
and operating parameters. In order to gain insight into the effects of 
rocket design and operating parameters on chugging characteristics, a 
brief series of experiments with a 300-pound thrust acid-heptane rocket 
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with a pressurized-gas propellant pumping system was conducted at the 
NACA Lewis laboratory. In addition, a simplified analysis was made of 
the chugging instability of a monopropellant rocket engine. This anal- 
ysis, completed in 1949, was based on the premise that chugging is caused 
by an out-of -phase coupling between the fluid flow of the propellant feed 
system and the combustion process in the rocket chamber. The experimental 
results of varying operating and design parameters were compared with the 
trends predicted by the analysis. The time delay between propellant 
injection and combustion, which was postulated in the analytical develop- 
ment, was exp>erimentally measiired; and the effects of varying chamber 
characteristic length, rocket combust ion- chamber pressure, injection 
velocity, and oxidant-fuel ratio on the chugging frequencies were experi- 
mentally investigated. The results of the experimental investigation 
are compared with the analytically predicted “trends. The derivation of 
the analysis and the trends predicted by it for a typical rocket engine 
are presented in appendix A. 


MALYSIS OF LOW-FEEQUENCY COMBUSTION VIBRATIONS 

The analysis is based on the concept of an out-of -phase coupling 
between the propellant flow and the rocket combustion- chamber pressure. 
This concept can be illustrated by considering the simplified monopropel- 
lant rocket engine shown in figure 1. A pressiarized gas is used to pump 
the liquid monopropellant. Under steady-flow conditions the combustion- 
chamber press-ure is established by the gas pressure in the propellant 
tank, the pressure drop in the propellant feed system and that across the 
injector orifices, and the pressure drop across the rocket exhaust nozzle. 
If the combustion- chamber pressure is momentarily lowered an increase in 
propellant flow will occur which will tend to re-establish equilibriiim 
conditions. The rise in propellant flow, however, will not occur simul- 
taneously with the drop of chamber pressure because of inertia^ of the 
fluid in the propellant feed line. This delay is hereinafter called the 
inertia time lag. The delayed propellant -flow increase results in an 
increased combustion rate after a second significant time delay due to 
injection, impingement, mixing, vaporizing, pre ignition reactions, igni- 
tion, and combustion. This second time delay is called the combustion 
time delay. Because of the necessity of charging the chamber volume with 
gas, the increased combustion rate results in corresponding increased 
pressure only after a third time delay, which will be called the charging 
time lag. During these time delays, an excess of propellant enters the 
chamber. Therefore, when the pressure does rise it exceeds the value 
necessary to restore equilibrium operating conditions. The high pressure 
eventually causes the propellant flow to drop below normal, with a subse- 
quent lowering of chamber pressure. Thus in the absence of sufficient 
damping a cycling condition of propellant flow and combustion- chamber 
pressure can become established. 

The analysis yields an expression of the following form (all sym- 
bols are defined in appendix B) : 
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A + B + cf (t) + f (t - e) = 0 

dt^ 

The solution of this expression for stable chugging operation can 
be foimd in two simultaneous equations: 

-Ajo^ + C + cos OD0 = 0 
Boo - sin OD0 = 0 

The two simultaneous equations yield unique solutions for the com- 
bustion time delay 9 and the cycling frequency in terms of the 
constants A, B, and C, which are dependent on the rocket-engine 
conf iguration and operating conditions . The values of 9 and oi rep- 
resent the minimum combustion time delay which will permit the rocket 
engine to sustain chugging and the corresponding maximum chugging fre- 
quency; that is, these solutions represent the condition at which the 
amplitude of the chugging oscillations will be neither amplified nor 
damped. Chugging with longer combustion time delays at lower cycling 
frequencies is possible, but in this case the chugging amplitude theo- 
retically will increase with each cycle, and the equations of the anal- 
ysis will no longer apply. If the combustion time delay is less than 
the critical value, any disturbance in the pressure or flow will be 
damped and will soon die out . 

The analytical equations describe a "feedback" loop circuit. 

Because the combustion time delay was assumed constant, the "gain" or 
amplification of the loop is accomplished by a proper phase relation 
between flow and pressure change. Amplification or gain by other proc- 
esses is not considered. 

The analysis does not provide means for predicting experimental 
combustion time delays; its value lies in the determination of the crit- 
ical combustion time delay which will permit chugging and the indication 
of the probable effects on the critical combustion time delay of changing 
rocket design and operating parameters. 

Complete derivation of the analytical equations, the assumptions on 
which the analysis is based, and the chugging trends predicted for an 
acid- heptane rocket for a typical range of rocket design and operating 
conditions are given in appendix A. 


EXPERIMENTAL INVESTIGATION OF COMBUSTION INSTABILITY 
y^paratus and Instrumentation 

The rocket engine used for the experimental investigation of chug- 
ging was a 300-pound thrust uncooled rocket with white fuming nitric 
acid ari(^ commercial n-heptane as propellants . Two rocket chambers were 
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used; one with a characteristic length of 100 Inches and the other with a 
characteristic length of 200 inches. The internal diameter of each cham- 
t her was four inches. The injector comprised four pairs of heptane-on- 

acid impinging-type jets. Several sets of orifices of different diam- 
eters with acid and fuel orifices matched so as to maintain an approxi- 
mately equal ratio of acid injector orifice area to heptane orifice area 
were employed. 

The rocket installation, which is shown diagrammatically in figure 2, 
used high-pressure hell-urn to pump the acid and heptane to the rocket 
chamber. Ignition was accomplished hy filling the heptane feed line 
with furfuryl alcohol before firing. 

Instrumentation Included an electromagnetic induction flo-wmeter capa- 
ble of following flow surges up to about 100 surges per second (ref. 4). 
This meter was installed in the acid feed line about two feet from the 
rocket engine. Combustion-chamber press-ure was detected by a variable- 
capacitance type diaphragm pressure detector, which was flush-mounted in 
the chamber wall. The outputs of these instruments, neither of which 
has any appreciable inherent signal lag, were fed to two oscilloscopes 
and recorded simultaneously on a moving-film camera. These films pro- 
vided a time-sequence record of the instantaneous acid propellant flow 
. and the instantaneous combustion- chamber pressure as well as a record of 

the duration of each pressure and flow pulse (chugging frequency) . 

■ Pressure taps at both propellant tanks, just upstream of the injec- 

tion orifices , . and in the combustion chambers were led to Bourdon tube 
recording pressure gages. Thrust was detected by a strain-gage pickup 
and recorded by a self-baleuicing potentiometer. 

Propellant consumption was estimated from weights of the propellants 
before and after each r\m. The dirration of experimental test runs was 
from 10 to 15 seconds. 


Procedmre 

A series of experimental test runs was made with each of the two 
rocket-engine chambers. In one series of runs the combustion- chamber 
pressin-e was varied by adjusting the propellant-tank pressiares. For each 
rocket engine configuration, chugging runs at several oxidant-fuel ratios 
were made by adjusting the pressiire-setting on the heptane tank. 


RESULTS AND DISCUSSION 

The rocket-engine instrumentation permitted the experimental measure- 
ment of the time lag during chugging between the change of propellant 
(acid) flow and change of combustion-chamber pressure, as well as the 
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chugging f"re<iuencies and. 'the mean ■tank^ injsctor^ and. chainibsi' pnsssunss . 

A typical flowmeter and pressure trace is shown in figure 3. The flow 
rate of the acid is proportional to the amplitude of a 400-cycle carrier 
wave. The chamber-pressure variation is indicated directly hy the lower 
trace. The relations between change of flow and change of pressure are 
in accordance with the postulated concept that a time interval exists 
between propellant injection and combustion. A study of the data at 
starting of a run where a time datum for the flow and pressure traces was 
available indicated that each change of pressure corresponded to the 
immediately preceding change of flow; that is, there were no multiple- 
phase relations between flow and pressure in the experimental chugging 
runs. Because of diffuculties experienced in the maintenance of the 
electromagnetic flowmeter the major part of the experimental data is pre- 
sented in terms of the more easily determined chugging frequency. 

Chugging frequency. - The chugging frequency dioring the course of a 
typical chugging run is plotted in figure 4. Data points corresponding 
to each of the first three chugging cycles and then to an average of each 
succeeding five cycles are shown. The first few chugging waves at the 
start of a run were of low frequency and considerable pressure amplitude. 
The waves rapidly increased in frequency during the first one-half second, 
then decreased somewhat during the following second to a sustained fre- 
quency which increased progressively by about 5 percent during the run. 

At the end of the run, apparently after the propellant valves had begun 
to close, the chugging frequency again increased. 

Other r uns showed a similar pattern of chugging frequency during an 
experimental run. The low-frequency, high- amplitude starting pulses were 
present in all runs, whether or not sustained chugging occuurred. When 
chugging began after a period of nonchugging operation, a pressure varia- 
tion of small amplitude and irregular frequency approximately twice the 
chugging frequency was perceptible in the pressure trace just before 
ch\igging began. This pressure variation dropped in frequency to the sus- 
tained or "normal" chugging frequency with a great increase in an^jlitude 
at the onset of chugging. Sustained chugging of low amplitude never 
occurred. The chugging frequency about halfway through the sustained 
chugging part of the run was arbitrarily chosen as the "normal" chugging 
frequency and this is the chugging frequency used in fuirther plots of the 

d.Q/"b Si • 

A number of experimental runs began with no apparent rocket chugging, 
then broke into chiigging. A comparison of recorded Bourdon gage pressures 
and thrust measurements of these runs before and after chugging showed a 
drop of about 10 percent in both average combustion-chamber pressure and 
in mean thrust \mder chugging conditions. Comparison of runs in which 
chugging occurred with runs at similar pressure settings and oxidant-fuel 
ratios in which chugging did not occur indicated increased propellant 
consumption and a decrease of specific impulse of more than 10 percent 
under chugging conditions. 
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Conibustlon time delay . - The experimental time delay "between injec- 
tion and combustion^ 9 in the theoretical analysis, was evaluated hy 
averaging the measiared time lags between flow maximimis and pressiore max- 
imums, flow minimums and pressure minimums, and between both the increas- 
ing and diminishing mean flow and mean pressure values. The lag of the 
combust ion- chamber pressure change behind the burning rate due to the 
necessity for changing the chamber volume was estimated from equation (A7) 
of appendix A and was subtracted from the measured time delay between 
flow and pressure response to find the combustion time delay. These com- 
bustion time delays for two rocket chambers of different characteristic 
lengths at a chamber pressure of approximately 270 pounds per square inch 
absolute are shown as related to the experimental chugging frequency in 
figure 5. The data for a 200-inch characteristic length rocket chamber 
• correspond to several different sets of injector orifices . The combus- 
tion time delay decreased with increasing chugging frequency, and had 
values between 0.0027 and 0.0037 second for the 100- inch characteristic 
length rocket chamber and between 0.0052 and 0.0093 second for the 
200- inch rocket chamber. 

Shown on this same figure is the variation of the critical combustion 
time delay 6 with chugging frequency based on the theoretical analysis. 
The dashed line shows the variation of chugging frequency with combustion 
time delay for engines of various characteristic lengths, but otherwise 
corresponding to the setup and operating conditions of the experimental 
engine . The experimentally observed combustion time delays are shorter 
than those predicted by the equations for corresponding chugging fre- 
quencies, although the curves follow the same trends. The combustion 
time delays observed for the 100-inch characteristic length rocket cham- 
ber were approximately one-half the values calculated from the analysis. 

Effect of rocket combust ion- chamber characteristic length . - The 
effect of rocket engine characteristic length on the chugging fre- 

quency is shown in figure 6 for two rocket motors of different lengths 
but otherwise identical, that is, with the same injection head, chamber 
diameter, and exhaust nozzle, and operated at approximately the same 
chamber pressure. Plotted in this same figure are points calculated from 
the theoretical analysis. The experimental and analytical chugging fre- 
quencies in this case agree very closely. For example, the analytical 
chiagging frequency for a characteristic length of 100 inches was 37 cycles 
per second; the experimentally obtained value was 38 cycles per second. 

The experimental chugging frequency decreased as the characteristic 
length was increased, as predicted by the analytical development. 

Because there is no obvious reason for the actual combustion time 
delay to be affected by change in chamber characteristic length, it may 
be deduced that at the onset of chugging the mean combustion time delay 
seeks values which will permit chugging. Once initiated, the adjusted 
combustion time delay for the same injector configuration is different 
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for rockets of various characteristic lengths. The mean combustion time 
delay during chugging is also influenced by the particular injector con- 
figuration and to some extent by the amplitude of the chugging, as will 
be discussed. 

Effect of throttling . - The experimental effect of varying the 
combust ion- chamber pressure and thrust of a rocket engine by decreasing 
the pressurizing gas pressure is shown in figure 7 . The experimental 
points indicate that the chugging frequency decreases with decrease in 
chamber pressure and thrust. This result is contradictory to the theo- 
retical prediction. Results of calculations based on the analysis for a 
fixed configuration corresponding to the experimental rocket are shown 
on the plot as a dashed line. The fact that the ratio of the propellant- 
feed-system pressure drop to the absolute chamber pressure varies with 
the pressure for a fixed rocket configuration was taken into account in 
plotting the theoretical curve . The increase in ratio of pressure drop 
to chamber pressure ratio Ap/p^ was considered proportional to the 

increase in chamber pressure. 

The lack of correlation between the experimental and analytical 
chugging frequencies can be attributed to the following simplifying 
assumptions: (l) the combustion time delay is invariant throughout the 

chugging cycle, and (2) the chugging amplitudes are small. That the 
combustion time delay is unchanged under the changing flow and combus- 
tion pressure conditions existing, during the chugging cycle is unlikely. 

In addition, the observed chugging amplitudes are high and probably 
limited by secondary or nonlinear damping effects or terms which do not 
appear in the analytical derivation, for example, the increase in 
propellant-feed-system pressure drop with increased amplitude of pulsing 
flow. Therefore, the experimental chugging rocket will not necessarily 
behave in accordance with the analytical equations but will be governed 
to some extent by those factors which were assumed negligible in the 
analysis in order to permit mathematical solution. 

For a fixed rocket configuration, the injection and combustion of 
propellants are probably improved at higher chamber pressures and the 
combustion time delay would diminish. Thus increasing combustion-chamber 
pressure may increase the chugging frequency as observed for the experi- 
mental rocket. 

Another factor which may affect chugging when the injection pressure 
drop and the chamber pressure are increased is the change in over-all 
combustion efficiency or specific impulse. A decrease in specific impulse 
decreases the chugging frequency for sustained chugging, in accordance 
with these observations. For the conditions of similar line length and 
fluid velocity, the analysis predicts that changing thrust would have no 
effect on chugging conditions. 
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Effect of injection velocity . - Chugging frequencies for a number 
of different injector orifice sets in a 200- inch characteristic length 
rocket chamber are plotted in figure 8 against the velocity of the acid 
jets. The data points show that as the velocity of the jets was 
increased the chugging frequency increased. Since the pressure drop 
across the injector orifices increases with increased velocity of the 
injection jets, the experimental chugging frequency can he said to 
increase with increased injector pressure drop. Again this relation is 
contrary to the theoretical prediction (shown as a dashed cxurve in 
fig. 8). 

It is generally accepted that the combustion process may be affected 
by the injection process and that better atomizing and mixing can be 
accomplished by increased injection velocities. Thus the mean combustion 
time delay probably diminishes with increased injection velocity and the 
chugging frequency may increase. A change in combustion efficiency or 
specific impulse resulting from increased injector pressure may be a 
partial explanation of the observed results. 

Effect of oxidant-fuel ratio . - Figure 9 is a plot of the chugging 
frequencies of several rocket-engine configurations, essentially several 
different injector orifice sizes, against over-all oxidant-fuel ratio. 
These data are for the 200- inch rocket operated at a chamber pressure of 
approximately 280 pounds per square inch absolute. The plotted data 
points indicate that the chugging frequency for each rocket configuration 
is substantially independent of oxidant-fuel ratio at constant rocket- 
chamber pressiore. The analytical approach is based on a monopropellant 
model; consequently it affords no information of the effect of oxidant- 
fuel ratio. 

The fact that most rocket engines involve two propellants and, cor- 
respondingly, two propellant systems introduces complications. The 
propellant systems are not likely to have similar dynamic characteris- 
tics; consequently a periodic variation during the chugging cycle of the 
oxidant-fuel ratio delivered to the combustion chamber probably occixrs . 

If the rate of combustion of the propellants is a sensitive function of 
oxidant-fuel ratio, as well as of chamber pressure and temperature, which 
are functions of the oxidant-fuel ratio,- then the combustion time delay 
will vary throughout the chugging cycle. Thus, it is evident that any 
stability criterion for the occurrence of chugging which is based strictly 
on pressure drop and feed system and chamber dimensions of the rocket 
engine without regard to the combustion process occurring in the engine 
may yield misleading indications . If the variation of the combustion rate 
is greater than the variation of the flow rate, the varying combustion 
rate can supply additional "gain" or amplification to the cycle to promote 
chugging under conditions for which, according to the analysis, chugging 
should be damped out. This factor may account for the intensity of some 
chugging rims . 
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Variation of chugging frequency with amplitude of chamber pressure 
f luctuations. - It was observed that when the chugging frequency for a 
partic\ilar rocket configuration varied during a run or from run to run 
there was a corresponding variation in the amplitude of the pressure 
fluctuations. The differences between maximum and minimum chamber pres- 
sures and the chugging frequencies for corresponding points are shown for 
a chugging r\in in figure 10. This chugging frequency decreased when the 
pressure differences increased. 

The amplitude of pressure fluctuations for a n\miber of runs of two 
rocket-engine configurations, different only in the sizes of the injec- 
tor orifices, are plotted in figure 11 against the nomal chugging fre- 
quencies. The chugging frequencies again decreased when the pressure 
fluctuations increased. 

Large chamber-pressiure fluctuations can occur during cnugging opera- 
tions. Pressure differences of 550 pounds per square inch at an average 
chamber pressiure of 260 pounds per square inch have been observed during 
normal chugging. 

Because this analysis is based on the assirmption that the pressure 
fluctuations are negligible compared with their mean values, the effect 
of pressure amplitude on the chugging conditions is not predicted. How- 
ever, if the chugging frequencies are in part dependent on the relative 
dynamic characteristics of the oxidant and fuel feed systems, a change 
of amplitude will affect the chugging frequency. More intense chugging 
woiild probably increase the mean combustion time delay which would result 
in reduced chiigging frequencies, as indicated by the experimental data. 

Evaluation of analysis. - The concept of time delay between injection 
and combustion of the propellants is confirmed by the measurements of the 
time delay between change of acid flow and change of combustion.-chamber 
pressure. The analysis, based on this concept as a cause of chugging, 
gave calculated chugging frequencies of approximately correct magnitude 
and correctly predicted some trends of varying the rocket design and 
operating parameters. The agreement of magnitude of the predicted and 
observed chugging frequencies can be considered fortuitous in view of the 
simplifying assumptions made in deriving the end equations. Among the 
factors not previously discussed are: (l) the compressibility of the 

propellant and the flexibility of the propellant feed lines, both of which 
will permit oscillating conditions at higher frequencies, (2) the time for 
a press\rre surge to travel from its point of origin to the nozzle , a factor 
of increasing importance at higher frequencies and for larger rocket cham- 
bers, (3) reflecting pressure waves in the chamber, (4) the inertia of 
the gas in the rocket chamber and nozzle, (5) nonisothermal conditions in 
the chamber during a chugging cycle, and (6) any accelerations of the 
rocket engine as a unit. Despite limitations imposed by these assumptions, 
the basic concepts of the analysis seem to be well founded and may lead to 
better \mderstanding of the chugging phenomenon. 
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Although chugging in rocket engines has occ\arred primarily at low 
feed-system and injector pressure drops, the analysis indicates that 
stable operation at low pressiire drops can he accomplished if the com- 
bustion time delay is sufficiently short. The actual combustion time 
delay probably has values of different magnitudes for different propel- 
lant combinations and injection methods; consequently, different chug- 
ging conditions and regimes will occur for different propellant combina- 
tions and for different injection methods. 


SUMMARY OF RESULTS 

Experimental runs with a 300-pomd-thrust acid-heptane rocket engine 
having a pressurized-gas propellant pumping system showed: 

1. Chugging frequencies of about 38 cycles per second were obtained 
for a 100- inch characteristic length rocket engine at a chamber pressure 
of 280 pounds per square inch. A frequency of 37 cycles per second was 
calculated from the analysis for this rocket engine. 

2. Increasing combust ion- chamber characteristic length decreased the 
chugging frequency, as predicted by the analysis. 

3. Increasing chamber operating pressure (fixed configuration) or 
increasing propellant-line press\are drop increased the chugging fre- 
quencies. These trends were incorrectly predicted by the analysis; the 
disagreement is attributed to the simplifying assimiption of constant 
combustion time delay. 

4. Wo apparent effect of oxidant-fuel ratio on the chugging fre- 
quency for acid-heptane ratios from 3.0 to 7.0 occurred. No effect is 
predicted by the analysis, which assumes a monopropellant system. 

5. The chugging frequencies decreased with increased amplitude of 
chugging. Ihe analysis makes no prediction of the effect of pressure 
amplitude on chugging frequency because the pressure fluctuations were 
assumed negligible. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, July 1, 1951 
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APPENDIX A 


ANALYSIS OF LOW-FREQUENCY VIBRATIONS 

The fundamental concepts on which the analysis of low-frequency 
chugging vibrations is based are discussed in the main body of this 
report. The analysis is based on the concept of a hydraulic coupling 
between the flow of a monopropellant from its storage tank, to the rocket 
chamber and the rocket combustion-chamber pressure. Surges of the pro- 
pellant flow and the chamber pressure are promoted by a time Interval or 
lag between each change of propellant flow and the corresponding change 
of pressure. This time interval comprises (l) the delayed response of 
the flow to any change of chamber pressure due to the inertia of the 
fluid, called the Inertia time lag, (2) a time delay between propellant 
Injection and actual combustion, called the combustion time delay, and 
(3) a time difference between a change in combustion rate and the cor- 
responding change in chamber press\ire, called the charging time lag. 

Although the Inertia time lag and the charging time lag can be 
expressed mathematically as functions of the feed line and chamber geo- 
metry and the chugging frequency, this analysis assiimed that the com- 
bustion time delay is constant because of lack of information on the 
dynamics or kinetics of factors which influence it. Probably the com- 
bustion time delay is influenced by factors such as varying degrees of 
atomization, mixing, the vaporizing due to variation in the injector 
pressure drop with the propellant flow surges, and the varying 
combustion-chamber pressure. Some interpretation of the parameters 
which determine and influence chugging is possible despite the limi- 
tations imposed by the assumptions. 

ASSUMPTIONS 

The cycle can be treated mathematically for a monopropellant if the 
following assumptions are made: 

(1) The liquid propellant burns instantly into gaseous products at 
a definite time after being injected into the rocket combustion chamber, 
that is, the combustion time delay is constant. 

(2) The propellant has negligible volme while in the unburned 
phase in the combustion chamber. 

(3) The amplitudes of the cyclical variations in combustion- 
chamber pressure and propellant flow are small compared with their mean 
values and the variations in flow can be expressed by sinusoidal equa- 
tions. 
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(4) The propellant is incompressible and the propellant feed system 
is inflexible . 


DERIVATION OF EQUATIONS 

The first assuniption in^jlies that the rate of combustion of the 
propellant at time t is equal to the rate of propellant injection 
into the rocket combustion chamber at some previous time (t - 9 ). 


Wj 5 at (t) = Wi at (t - 0) 


(Al) 


The gaseous combustion products in the rocket combustion chamber 
are proportional to the combustion-chamber pressure. The volume 
occupied by the unbirrned propellants is considered negligible (assump- 
tion (2^)) and the combustion temperatvire is considered constant. The 
small variations in the chamber pressure (assumption (3)) are considered 
not to affect the combustion temperature 


m„ = 


Vc Pc 
R T. 


= K 


1 Pc 


Differentiation gives 


dt ^ dt 


(A2) 


(A3) 


If the inflow and outflow of gas in the rocket combustion chamber are 
considered 


dm„ 

' «b - «g (A4) 

If (A3) and (A4) are combined^ 

d.Pc 

“b - «8 = % 3T 

The flow from the rocket exhaust nozzle Wg depends on the com- 
bustion gas density which^ with constant temperature combustion gas^ is 
proportional to the chamber pressure 


Wg = Kg Pe 


(A6) 
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If (as) and (A6) aire combined. 


“b - '^2 Po ^ d7) 

The chamber pressure can be expressed in tenns of the propellant tank 
pressure and fuel-system pressure drops. The instantaneous pressure 
drop from the rocket propellant tank to the combustion chamber comprises 
three terms: (l) the drop across the propellant injection orifices, 

(2) the friction in the propellant feed line, and (3) the inertia of 
the propellant in the feed system. 

The injection-orifice pressure drop has the form of an orifice 
equation 


Wi = Kj (pi - p^) 


1/2 


(A8) 


The general fonii of the friction pressuire drop is 


APf 


f 1 p 
2g D 


(A9) 


This equation applies only in the turbulent region of fluid flow. 
At high Reynolds numbers such as occin: in the propellant feed line the 
friction factor f is a relatively insensitive function of fluid velo- 
city and may be considered constant for small variations in propellant 
flow (assimption (3)). Equation (A9) then becomes 


Ap^ = F v2 (AlO) 

The difference between the pressure force from propellant tank to 
injector orifice and the force required to overcome friction in the 
line is due to inertia forces 


(Pt - Pi) - 1' ^ ^ 


(All) 


The equation for the pressure drop from propellant tank to com- 
bustion chamber is then 


Pt - Pc = 


K, 


r-, p p I dv 
+ F v^ + - — XT 
g dt 


(A12) 
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But since 




and 



dv 

dt 



pa dt 


the chamber pressure is 


(A13) 


(A14) 


Wi2 / Wi\2 2 dWi 


(A15) 


If the instantaneous flow rate Wj_ is assumed to comprise a 
steady flow and an lansteady term represented as a function of time 


Wi 

Wi2 = W„2 

Assumption (3) permits the 
Equation (A15) then becomes 


= Wo + f(t) 

+ 2 Wq f(t) + f2(t) 

term f2(t) to be neglected. 


(A16) 

(A17) 



2 Wq f(t) FWo^ 


2F Wq f(t) (if(t) 

(pa)2 ■ 


(A18) 


and 



2 Wq df(t) 2 F Wq I g2f (t) 

K32 dt " (pa) 2 it " ga ^^2 


(A19) 


If 

Wi = Wo + f(t) 


then from equation (Al) 


W|3 - Wo + f(t - 0) 


(A20) 
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Equation (A7) can be con±)lned with equations (A18) and (A19) 


Wo + f(t - 0) = K2 


Pt - 


^ _ 2Wq f(t) _ F Wq2 ^ 2F Wq f(t) _ ^ 


K, 


(pa) (pa) 


ga dt 


% 


_ 2Wq di-(t) _ 2F Wq df(t) _ J_ d^f(t) 


K, 


(pa) 


2 dt 


dt2 


(A21) 


which can he rewritten 


I d^f(t) 2 Wq ZF Wq i\ df(t) 


ga ^^.2 (pa)2 


+ K2 


ga / dt 


' 2Wo 2F Wo\ , , 

Kg — 2 + K2 — f(t) + f(t - 0) 
^ K3^ (pa)^y 


Kg g Kg F Wq^ 
Ke Pt - ^ 


(A22) 


The right-hand side of this equation can be shown to equal zero by 
using mean values in equation (A15) 


Pt - Pc = + 


y 2 F w ^ 
"o o 


(pa)' 


(A23) 


Multiplying all terms by K 2 and combining with equation (A6) 


yield 


2243 


3C 


NACA TN 2936 


17 


_ Kg Wq2 f W.2 


K2 Pt - - Kg — 

K3 Cp^') 


- = 0 


2 O 


(A24) 


The remainder of equation (A22) can be written 


^ ® + cf(t) + f(t 


- 0 ) = 0 


(A25) 


where 


A = 


I 

”sa 


(A26) 


3 ^ ( Kl 2W^ Ki 2F ^ 

K32 (pa) 2 ga 


(A27) 


C , ^2 2 Wq ^ Kg 2 F 


K, 


(pa)‘ 


(A28) 


Equation (A25) governs chugging vibrations in the rocket combus- 
tion chamber, provided the assumptions are valid, and can be solved if 
f(t) is assumed to follow a sinusoidal curve such that 

f(t) = sin cot (A29) 


If n is positive the vibrations will have increasing amplitude; 
if n is negative the vibrations will be damped. S is an amplitude 
factor. 

The term e^^ can be expanded into a series 


e’^^ = 1 + nt + 


(nt)2 

2i 


(nt)S 

31 • 


(A30) 


Because interest for the case of sustained chugging vibrations lies 
in values of n near zero all terms beyond nt in equation (A30) 

"be dropped. 


can 
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Then 


f(t) = S sin (Dt + S nt sin oot (A3l) 

= Sto cos a>t + Scjo nt cos oat + S n sin o^t (A32) 

dt 


dt^ 


Soo^ nt sin oot + Soon cos cot + Scon cos cot 

(A33) 


f(t - 9) = (l + nt - n0) 


S sin (cot - CO0) 


(A34) 


f(t - 0) = (l + nt - n0) 


S sin cot cos co0 - S cos cot sin co0 

(A35) 


Substituting these values in equation (A25) and combining terms 
with like coefficients of t give 


-Aco^ + Bn + C + (l - n0) cos co0 sin cot + 
2Acon + Bco - (l - n0) sin cosj cos cot + 


-Aco^ + C + cos CO0 


nt sin cot + 


Bco - sin CO0 


nt cos cot = 0 


(A36) 


Because the equation is valid for all values of t the coefficient 
of each term must be independently equal to zero. 


Evaluation of Constants 

The constants A, B^ and C must be evaluated in terms of com- 
monly used rocket parameters. 
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From equation (A26) 


A = 


% I 

ga 


Kn = 



Vc Pc 
Pc 


Because the voliame of the combustion chamber is equal to the 
istic length times the throat area of the rocket nozzle, 

^ P 

From isentropic nozzle flow theory. 


a 


t 


Wq 

H % 


Where 


and 


Thus 


^t 




Pt = Pc 



1 



p 


c 



W 


o 


r+1 



Tc 


(A37) 

character- 

(A38) 


(A39) 


(A40) 


(A41) 


H = 


(A42) 
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Therefore 


L* W, 


Ki = 


— / 2 


c /y \y + 1 


r+1 

r-i 


ire® T 


(A43) 


and 


L* W, 


A = 


— 2 


r+1 

iT-1 Tc 

r + 1/ T 


ga 


(A44) 


Combining eqimtion (A27) with equations (A43) , (A8), ^nd (A6) gives 


B = 


2L* 


A 2 


r+1 

\r-i 


(Pi - 


p ) + 

(pa) 


l_ W 2 
2 


+ — — (A45) 

P„ ga 


X + 1/ 


re® fr 


Combining equation (A28) with equations (A8) and (A6) results in 


C = — 


c L 


(^ - ^) + W 2 


(pa) 


2 o 


(A46) 


The expressions for the constants B and C involve an expres- 


sion 


F W„2 


(®1 - r ,2 

(pa) 


This term comprises the pressure drops from the tank to the com- 
bustion chamber. Evidently, if incompressible fluid and inflexible 
propellant feed lines are assumed, the pressure drop in the feed lines 
can be added to the injector pressure drop. 
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(Pi - Pc) + F v2 = Ap 


Thus 


and 


B = 


2L' 


r+1 


— T' 

: Ap + = 


C = 



SUMMARY AUD DISCUSSION OF EQUATIONS 

The analysis yields an expression of the following form 
ging in a rocket engine: 

A + B + Cf(t) + f(t - 0) = 0 

dt^ 


This expression for chugging operation in which there is 
in chugging amplitude can he solved hy using two simultaneous 
tions 




+ C + cos CJO0 = 0 


Bo) - sin coS = 0 


where 

0 combustion time delay^ sec 

CD chugging frequency^ radians/ sec 


(A47) 


(A48) 


(A49) 


for chug- 


(A25) 


no change 
equa- 
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L* W, 


A = 


— 2 


r+1 

\r-i 


ga 


r + 1/ 


(A44) 


B = 


2L* Ap 


Y~+l 

' 2 y-^ 


%i_ 
p~ ga 
c 


(A48) 


C 

Pc 


(A49) 


Solution of the two simultaneous equations yields values of the 
combustion time delay 6 and the cycling frequency o) which delineate 
the chugging from the nonchugging conditions of rocket operation and 
correspond to operation at a condition where no change of chugging 
amplitude occurs. The calculated value of the combustion time delay 
represents the minimum combustion time delay at which chugging can be 
sustained. Chugging at longer combustion time delays is possible^ but 
the chugging amplitude will increase with each cycle or will be limited 
by secondary or nonlinear damping terms which do not appear in the equa- 
tions and the equations of the analysis would no longer apply. 

The equations describe a feedback system in which no amplification 
or gain of the feedback loop is accomplished except through the hydro- 
dynamics and phase relations of the system. 


Application of Analysis 

A typical example has been set up and the equations applied to 
determine the effect on critical combustion time delay and stable chug- 
ging frequency of changes in the following variables: ratio of propel- 

lant feed-line pressure drop to the rocket -chamber pressure^ character- 
istic lengthy combustion-chamber pressiore, propellant feed-line length 
and area, and thrust. 
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Values of rocket operating and design parameters are listed in the 
following discussion. The results are plotted in figures 12 to 21 in 
terms of the variation of the critical comhustion time delay and cal- 
culated chugging frequency as functions of the parameter varied. 

The following conditions were chosen as standard^ some of which 
were taken from the experimental performance of white fuming nitric 
acid and heptane: 


Ratio of specific heats^ x 1.22 

Ratio of comhustion temperature to molecular weight of 

propellant gases, ^R/mol 214 

Specific impulse, I, Ih-sec/lh 187.5 

Propellant density, p, Ih/cu ft 93 

Universal gas constant, R, ft-lh/^R/mol 1544 


These parameters were fixed and the following parameters were 
varied to determine their effect on the predicted vibration range. The 
values listed are those used when that particular parameter was not 
being varied. The following psirameters were those corresponding to the 
300-pound thrust acid-heptane experimental rocket engine: 

Rocket engine thrust, T, lb 300 

Combust ion -chamber pressure, p^, Ib/sq in. abs 300 

Characteristic length, L*, in 100 

Length of propellant feed line, 7, ft 4 

Cross-sectional area of propellant feed line, a, sq in 0.2485 

Press-ure drop due to friction, Ap^, Ib/sq in 20 

Effect of change of ratio of total propellant feed-system pres- 
sure drop to rocket combustion-chamber absolute pressure . - The 
effect of change of the ratio of total propellant feed-system pressure 
drop to the rocket combustion-chamber absolute pressure Ap/p^ is 
shown in figures 12 and 13. The figures show that the critical combus- 
tion time delay will increase and the stable chugging frequency will 
decrease as the ratio Ap/p^ is increased. Figure 12 indicates for 
each value of Ap/p^^ a minimum combustion time delay for chugging to 
occur. Figure 12 indicates that the combustion time delay becomes 
infinitely large and the stable chugging frequency approaches a value 
of zfero as the ratio of Ap/p^^ approaches a value of 0.5. A practical 
limitation is realized before this condition can pertain, however. The 
maximum values which the combustion time delay 6 can have are uncer- 
tain hut they must be less than the ”stay time” of the propellant in the 
rocket chamber^ that is, they must be less than 0.01 second for most 
rocket configurations. The analytical derivation shows that if the 
combustion time delay is sufficiently small (0.003 sec for the rocket 
configuration for which the analytical results are plotted) the 
rocket cannot chug at any value of Ap/p^. 
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Effect of varying characteristic length . - The effect of varying 
rocket chamber characteristic length is shown in figures 14 and 15. 

The family of curves plotted are for an acid-heptane rocket with total 
propellant feed-system pressure drop equal to 0.3^ 0.2^ and 0.1 of the 
chamher pressure. 

The curves delineate the chugging and nonchugging regions. Fig- 
ure 14 indicates the combustion time delay for stable or sustained chug- 
ging with no amplitude change. Figure 15 shows the corresponding chug- 
ging frequency. An increase in the characteristic length causes an 
increase in the critical combustion time delay factor and a decrease in 
the corresponding chugging frequency for stable chugging operation. 

This combustion time delay increase is in addition to the increase in 
charging time of the chamber. 

The chugging frequency for stable or sustained chugging for a 
rocket chamber characteristic length of 25 inches at Ap/p^. = 0.2 with 
other parameters as listed in previous discussion was 52 cycles per 
second; for a characteristic length of 100 inches the frequency was 
37 cycles per second; for 200 inches the frequency was 27 cycles per 
second. 

Effect of varying rocket combustion- chamber pressure . - The effect 
of varying the rocket combustion-chamber pressure is considered for 

(1) a rocket configuration in which the thrust is kept constant^ and 

(2) throttling a fixed rocket configuration by changing the pumping pres- 
sure in which case the engine thrust as well as the pressure is varied. 

The effect of varying the rocket combustion-chamber pressure on 
the chugging frequency of a rocket engine configuration in which the 
thrust is kept constant by adjusting the nozzle throat area (and the com- 
bustion chamber volume so as to maintain constant L*) is shown in fig- 
ures 16 and 17. The constants used in the equations neglect the change 
in specific impulse with increased rocket chamber pressure. For this 
case the analysis predicts that as the combustion-chamber pressure is 
increased the critical combustion time delay for sustained chugging will 
decrease; that is^ the chugging frequency will increase. Figure 16 shows 
that the critical combustion time delay decreases as the rocket chamber 
pressure increases. If the combustion time delay remains constant as the 
operating pressure is increased then chugging is more likely to occur at 
higher chamber pressures; that is^ if the rocket configuration used for 
this illustration has a combustion time delay of 0.004 second and a 
Ap/p^ ratio of 0.2^ then chugging may occur if the chamber pressirre is 
400 pounds per square inch or greater. However, the actual combustion 
time delay probably decreases as the chamber pressure increases. The 
computed stable chugging frequency for the assumed rocket configuration 
for Ap/p^ =0.2 was about 16 cycles per second at 100 poimds per square 
inch absolute; at 1000 pounds per square inch it was 66 cycles per 
second. 

For a rocket engine of fixed configuration which is throttled by 
changing the tank pressures, figures 16 and 17 do not apply. For a fixed 
configuration, varying the chamber pressure changes the thrust and the 
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velocity of the propellant flow in the feed line as well as the ratio 
of Ap/p^. For a constant ratio of Ap/p^ "the combustion time delay 
for sustained chugging can he shown to be nearly imaffected by Increased 
combust ion -chamber pressure and thrust; consequently the resultant 
effect in a fixed rocket configuration is due primarily to change in 
the ratio of the total feed-system pressiire drop to the absolute chamber 
pressure Ap/p^. If the total feed-system pressirre drop is assumed 
proportional to the square of the propellant flow rate and the propel- 
lant flow rate is assumed directly proportional to the chamber pressure, 
^p/Pc will vary directly as the chamber pressure. 


Effect of varying propellant feed-line length and area . - The 
effects of varying the propellant feed-line length and area are shown 
in figures 18 and 19, respectively. In these figures the friction pres- 
sure drop through the 4-foot feed line was taken as 20 pounds per square 
inch and the Ap/p^ ratio was assumed to be 0.2 for the standard con- 
figuration. The pressure drop was varied in proportion to the propel- 
lant feed-line length and in inverse proportion to the fifth power of 


the feed-line diameter 

double effect, that is, the effect of the parameter which was varied and 
the effect of changing friction pressure drop. Increasing the 
propellant -line length beyond about 23 feet increased the ratio of 
Ap/Pc (because of increase of Ap^) to a value greater than 0.5. The 

equations predict that chugging is impossible beyond this value of 
Ap/Pc* Restricting the line area to values less than about 0.13 square 
inch for the rocket configuration assumed had a similar effect (figs. 20 
and 2l) . Shortening the propellant -line length or increasing the line 
area will increase the stable chiigging frequency, as might be anticipated, 
because of the decrease in feed-line inertia. 


j. The figijres, therefore, show a 


Effect of varying engine thrust . - When thrust of a rocket engine 
is increased the propellant feed line geometry is generally changed to 
accommodate the increased propellant flow. Whether or not these changes 
affect chugging depends on the propellant line length, propellant veloc- 
ity, and total pressure drop through the feed system. If these factors 
remain constant then an increase in thrust rating (engine size or scale) 
will not affect the chugging conditions. The restriction that these 
factors remain constant, however, is seldom realized in changing the 
scale of an engine. For example, in the case where the propellant-line 
area is increased to maintain constant propellant velocity, the friction 
pressure drop per unit length of line decreases as the inverse square 
root of the area. Inasmuch as the friction pressure drop is generally 
sma.11 compared with the injector pressure drop^ the influence of its 
change on the total feed-system pressure drop and consequently on chug- 
ging would be of secondary importance in most cases. The effect of 
engine scale on the combustion processes and the influence of combustion 
effects on chugging are not considered. 
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The effect of varying thrust hy throttling an engine has been dis- 
cussed with the effect of changing combustion-chamber pressure. 


SUMMARY OF RESULTS OF AMALYSIS 

A simplified analysis of chugging in a rocket engine which uses a 
pressurized-gas propellant pumping system was based on the concept of a 
constant time delay between injection and combustion of the propellant. 
The analysis indicated: 

(1) Increasing the propellant -line total pressure drop increases 
the critical combustion time delay and decreases the stable chugging 
frequency. 

(2) A combustion time delay exists below which chugging is impos- 
sible at any value of feed-system pressure drop. 

(3) Increase of chamber characteristic length increases the criti- 
cal combustion time delay required for sustained chugging and decreases 
the stable (no change of amplitude) chugging frequency. 

(4) An increase in chamber pressure for rocket engines in which the 
propellant velocity in the feed line is constant causes a decrease in 
the critical combustion time delay and an increase in stable chugging 
frequencies; throttling a fixed configuration by decreasing the tank 
pressures decreases the critical combustion time delay and increases 
the chugging frequency. 

(5) Increasing the propellant-line length or decreasing the 
propellant -line area increases the critical combustion time delay and 
decreases the stable chugging frequency. 

(6) Increasing the thrust of a rocket engine does not affect the 
critical combustion time delay or the stable chugging frequency pro- 
vided the propellant -line fluid velocity and line length remain constant. 

(7) Chugging frequencies of 37 cycles per second were calculated 
for a 300-pound thmst acid-heptane rocket of 100-inch characteristic 
length at a chamber pressure of 300 pounds per square inch absolute. 


MCA IW 2936 


27 


APPEKDIX B 
SYMBOLS 

The following symbols are used in this report: 


A,B,C 

constants 

a 

cross-sectional area of propellant feed line, sq ft 


rocket nozzle throat area, sq ft 

Ct 

combustion gas velocity at rocket nozzle throat, ft/sec 

D 

diameter of propellant feed line, ft 

F 

friction constant, £ 

f 

fluid-friction factor 

f(t) 

function of time 

S 

gravitational acceleration, ft/ sec^ 

I 

specific impulse, Ib-sec/lb 

Kp, Kg, 

Kj constants 

L* 

characteristic length, combustion volume divided by 
throat area, ft 

1 

length of propellant feed line, ft 

M 

molecular weight of propellant gases, Ib/mol 

“g 

mass of burned propellant in combustion chamber, lb 

n 

exponential damping factor 


combust ion- chamber pressure, Ib/sq ft 

Pi 

pressure at upstream face of propellant injector, Ib/sq ft 

Pt 

propellant supply-tank pressiore, Ib/sq ft 
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Ap 

Apf 

R 

S 

T 

Tc 

t 

Vc 

V 

W-K 


W 


g 


Wi 


Wo 

r 

e 

p 

Pc 

Pt 

00 

Bar indicates 


Pt - Pc^ I'b/sq ft 

pressure drop due to friction, Ib/sq ft 

universal gas constant, ft-H/^R/mol 

amplitude factor 

rocket engine thrust, Ih 

comhustion temperature, 

time, sec 

volume of comhustion chamber, cu ft 

velocity of fluid in propellant feed line, ft/sec 

propellant hirrning rate, Ih/sec 

flow rate of combustion gas through exhaust nozzle, Ih/sec 
propellant flow rate at injector, Ih/sec 
mean propellant flow rate, Ih/sec 
ratio of specific heats 

time delay between injection and comhustion, sec 
propellant density, Ih/cu ft 
comhustion gas density, Ih/cu ft 

comhustion gas density at rocket nozzle throat, Ih/cu ft 
chugging frequency, radians/sec 
mean value . 
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Figure 4. - Experimental variation of chugging frequency with 
time after start of chugging. Rocket chamber characteristic 
Iqngth, 200 inches; average chamber pressure, 250 pounds per 
square inch absolute. 


34 


NACA TN 2936 



Figure 5 . - Experimental variation of chugging 
frequency with time delay between propellant 
injection and combustion for two rocket chambers. 
Average chamber pressure, 270 pounds per square 
inch absolute. 
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Figure 6. - Experimental variation of chugging 
frequency with rocket combust ion- chamber 
characteristic length. Average chamber pressure^ 
270 pounds per square inch absolute. 


36 


NACA TN 2936 



Average chamber pressure, Ib/sq in. absolute 


Figure 7. - Experimental variation of chugging frequency with 
average rocket combustion-chamber pressure (throttling) . 
Rocket chamber characteristic length, 200 inches . 
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Figure 8. - Experimental variation of chugging 
frequency with average acid injection stream 
velocity. Rocket chamber characteristic lengthy 
200 inches j average chamber pressure, 280 pounds 
per square inch absolute. 
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Figure 9 . - Experimental variation of chugging frequency with 
oxidant-fuel ratio. Rocket chamber characteristic lengthy 
200 inches) average chamber pressure^ 280 pounds per square 
inch absolute. 
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Figure 10. - Experimental variation of chugging frequency and 
amplitude of chamber pressure fluctuations with time after 
start of chugging. Rocket chamber characteristic length, 
200 inches} average chamber pressure, 270 pounds per square 
inch absolute. 


Maximum chamber pressure minus minimimi chamber 
pressure, Ib/sq in. 
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Maximum chamber pressure minus minimum chamber 
pressure, Ib/sq in. 

Figure 11. - Experimental variation of chugging 
frequency with amplitude of chamber pressure 
fluctuations. Rocket chamber characteristic 
length, 200 inches) average chamber pressirre, 
270 pounds per square inch absolute. 
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combustion- chamber pressure, Ap/p^ 

Figure 12. - Variation of combustion time delay with ratio of 
propellant feed- system pressure drop to rocket combustion- 
chamber pressure. Rocket chamber characteristic length, 

100 inches; combust ion- chamber pressure, 300 pounds per square 
inch absolute; length of propellant feed line, 4 feet; cross- 
sectional area of propellant feed line, 0.2485 square inch; 
rocket engine thrust, 300 pounds; specific impulse, 187.5 pound- 
seconds per pound. 
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Figure 13. - Variation of chugging frequency with ratio of 
propellant feed-system pressure drop to rocket combustion- 
chamber pressure. Rocket chamber characteristic lengthy 
100 inches; combustion-chamber pressure^ 300 pounds per square 
inch absolute; length of propellant feed line^ 4 feet; cross- 
sectional area of propellant feed line^ 0.2485 square inch; 
rocket engine thrust^ 300 pounds; specific impulse^ 187.5 pound- 
seconds per pound. 
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Figure 14. - Variation of combustion time delay with rocket 
combustion- chamber characteristic length . Combust ion- chamber 
pressure, 300 pounds per square inch absolute; length of 
propellant feed line, 4 feet; cross-sectional area of propellant 
feed line, 0.2485 square inch; rocket engine thrust, 300 pounds; 
specific impulse, 187.5 pound-seconds per pound. 
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Figure 15. - Variation of chugging frequency with rocket combustion- 
chamber characteristic length. Combustion- chamber pressiire, 

300 pounds per square inch absolute j length of propellant feed 
line, 4 feetj cross-sectional area of propellant feed line, 

0.2485 square inch} rocket engine thrust, 300 pounds} specific 
impulse, 187.5 po\ind- seconds per pound. 
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Figure 16. - Variation of combustion time delay with rocket combustion- chamber pressure. Rocket 

chamber characteristic length, 100 Inches; length of propellant feed line, 4 feet; area of propellant 
feed line, 0.2485 square Inch; rocket engine thrust, 300 pounds; specific Impulse, 187.5 pound-seconds 
per pound. 
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Figure 18. - Variation of combustion time delay with 
length of propellant feed line. Rocket chamber 
characteristic lengthy 100 inches; combustion- chamber 
pressure^ 300 pounds per square inch absolute; area 
of propellant feed line, 0.2485 square inch; rocket 
engine thrust, 300 pounds; specific impulse, 

187.5 pound-seconds per pound. 
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Figure 19. - Variation of chugging frequency with 
length of propellant feed line. Rocket chamber 
characteristic length, 100 inches} combustion- 
chamber pressure, 300 poiuids per square inch 
absolute} area of propellant feed line, 0.2485 square 
inch} rocket engine thrust, 300 pounds} specific 
impulse, 187.5 pound-seconds per po-und. 


Combustion time delay, sec 


MCA TN 2936 


49 



Figure 20. - Variation of combustion time delay with propellant 
line area. Rocket chamber characteristic length, 100 inches; 
combustion-chamber pressure, 300 pounds per square inch absolute 
length of propellant feed line, 4 feet; rocket engine thrust, 

300 pounds; specific impulse, 187.5 poimd- seconds per po\md. 
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Figiare 21, - Variation of chugging frequency with propellant line 
area. Rocket chamber characteristic length, 100 inches; 
combustion-chamber pressure, 300 pounds per square inch absolute; 
length of propellant feed line, 4 feet; rocket engine thrust, 

300 pounds; specific impulse, 187.5 pound-seconds per pound. 
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